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ABSTRACT

This yearly report provides a summary of accomplishments carried out
under funding from the Department of Energy (DOE) Nuclear Technology
Research and Development (NTRD) program for in-pile instrumentation
supporting the transient testing program in FY20. These activities were
performed in support of cross-cutting transient testing experiment objectives.
In this year, specific instrument R&D has been a lesser priority to years past,
with complementary instrumentation R&D being ramped up under the DOE
Advanced Sensors and Instrumentation Program. The primary focus of the
work in FY20 pertain to defining a process and system, developed over the
past several years, for developing, qualifying, and deploying instrumentation
in in-pile experiments. The purpose of this report is to provide a summary of
these outcomes and be a reference for researchers that are interested in
developing in-pile instrumentation, with a particular emphasis on the
Transient Reactor Test (TREAT) facility for deployment.
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FY20 Report for Instrumentation Development for the
Transient Testing Program

1. Summary of FY20 Activities

Extensive instrumentation testing and experimentation in the Transient Reactor Test (TREAT) facility
at Idaho National Laboratory (INL) has been accomplished over the past 2.5 years. These experiments
have provided a wealth of understanding related to the performance of a variety of in-situ measurement
devices. This work represents a crucial component of a new generation of transient irradiation testing of
nuclear fuels and materials supporting a variety of Department of Energy (DOE) Office of Nuclear
Energy (NE) and nuclear energy industry programs and needs. A successful transient testing program
hinges on a well-coordinated and innovative instrumentation development and qualification program to
support future objectives’. With this goal, the fuel safety research program is actively pursuing the
Research, Development, and Demonstration (RD&D) of several cross-cutting, advanced instrument
technologies to meet near-term experiment programmatic goals while establishing the base measurement
capabilities (state-of-the-art) for next-generation experimentation.

In contrast to previous reports focused more on technical outcomes, this report provides a focused
summary of the process of developing and qualifying in-pile instrumentation, with a focus on experiment
applications, and a more detailed overview the approach to testing instruments in the TREAT Facility.
Current plans for next year do not include specific support for in-pile instrumentation but will happen
under individual experiment (e.g. RIA, LOCA, THOR) projects. The technical outcomes of ongoing
RD&D programs for multiple key instrumentation technologies supporting near-term experimental
objectives. The activities fall into three categories: temperature, mechanical behaviors, and flux and
energy deposition. Building on success from last year, notable activities have focused on in-pile
deployment of several advanced instrumentation capabilities that are important to near-term experimental
goals. Previous instrumentation reports are found in ™,

The testing accomplished via concurrent instrument testing (as passive companions to ongoing
experiments and operations) has played, and will continue to play, a crucial role in developing methods to
interpret sensor signals, troubleshoot instrument performance, and ultimately lead to qualification of
instruments that support experiments. The overall process and methodology have become a flagship
demonstration of instrumentation deployment that benefits in-pile experimental programs and the
advanced reactor community at large by providing in-pile testing as a primary component of R&D efforts.
Examples of devices that have been irradiated in the TREAT facility in irradiation-effects testing as well
as in experimental devices include thermocouples, linear voltage differential transducers, a variety of
optical fibers, distributed temperature sensors, infrared pyrometry, novel electro-impedance sensor, self-
powered detectors, fission chambers, electronics - in and near the core, commercial sensors, etc.

This report provides a summary of two primary accomplishments for in-pile instrumentation
deployment:

# Jensen, C., “Strategic Plan for Instrumentation Development and Qualification for the Transient Testing Program,” INL/LTD-
17-43144 Rev. 2, August 2019.

b Jensen, C., et al., “FY'19 Report for Instrumentation Development for the Transient Testing Program,” INL/EXT-19-56000,
September 2019.

¢ Jensen, C., et al., “FY 18 Report for Instrumentation Development for the Transient Testing Program,” INL/EXT-18-515613,
September 2018.

d Jensen, C., et al., “FY17 Report for Instrumentation Development for the Transient Testing Program,” INL/EXT-18-43444,
September 2017.
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e Development of Guidelines for Developing and Qualifying In-Pile Instrumentation.
e Overview of the concurrent instrumentation approach and established process for the TREAT
Facility

The following provides and overview of these two subjects.
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1.1 Establishing Guidelines for Development and Qualification of In-
Pile Instrumentation

During FY20, guidelines were developed and published to support wide ranging instrumentation
development and qualification needs. This effort was supported by the Nuclear Energy Enabling
Technology (NEET) Advanced Sensors and Instrumentation (ASI) program as well as the Nuclear
Technology Research and Development (NTRD) Advanced Fuels Campaign (AFC). These guidelines
provide a framework for successfully transforming a measurement concept to a functional technology that
provides reliable data, including testing and qualification in accordance with accepted quality assurance
procedures to ensure suitability of their intended end use. It is also written to provide flexibility in the
process to support a variety of development needs ranging from development from concept to
incorporating commercial sensors in experiments. The guidelines have been published in INL document
GDE-947, “Guidelines for Developing and Qualifying Instrumentation Systems at Idaho National
Laboratory.”

The full guide document is available upon request to appropriate INL representatives. The cover page
for GDE-947 is shown in Figure 1. To provide more context, the Scope and Purpose sections of the
document are shared here from GDE-947:

[13

SCOPE

Guidelines are provided for developing and qualifying nuclear sensor and instrument systems at
Idaho National Laboratory (INL) as a way of ensuring quality products and adherence to quality
assurance (QA) best practices. This document provides a framework for performing research,
development, demonstration, and deployment for sensor systems, including testing and qualification in
accordance with accepted QA procedures to ensure suitability of their intended end use. The guidelines
are generalized so as to apply to all sensor systems being developed at INL, however, there is a
particular focus on sensors being developed to obtain in-pile data for determining how advanced nuclear
fuels perform under a variety of transient conditions in INL test reactors. Further, these guidelines are
applicable to devices developed to collect fuel and material performance data obtained for a variety of
customers, including customers using data to support licensing of technology through the Nuclear
Regulatory Commission (NRC).

The document is written from an engineering perspective and provides reactor instrument system
development procedures for INL engineering organizations. This procedure is not meant to contain
detailed QA procedures for interfacing organizations, such as quality-, procurement-, test-reactor-, or
regulatory-related organizations. This document supports INL’s overall QA program, which meets ASME
NQA-1 and International Standards Organization (ISO) quality standards (Ref. 1). Assurance is given
that all aspects of the instrumentation R&D are performed by properly qualified engineers, that
applicable activities and results are well-documented, and that the documentation stands ready for
review or auditing. The QA program most applicable to INL’s sensor development mission is NOA-1
Subpart 4.2 (Ref. 2), which conveys a graded approach to sensors and data developed for R&D
experimental conditions. These requirements are shown in Section 4. The pertinent parts of these QA
procedures are summarized in these guidelines for developing and qualifying new reactor
instrumentation.

An overview of the scope, purpose, and application of these guidelines is shown in Sections 1-3, and
a list of pertinent QA requirements is given in Section 4. A summary description of the engineering
activities performed in accordance with INL’s Conduct of Engineering standards [Ref. 3] are shown in
Section 5. A list of acronyms is given in Section 6, and references are provided in Section 7. Appendix A
gives a detailed breakdown of potential activities supporting instrument R&D for qualification purposes.
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Appendix B contains a detailed description—along with examples—of how to quantify uncertainties
related to measurement systems and their applications.

PURPOSE

This document is based on accepted QA and procedural standards for product development and is
intended as a useful reference guide for INL instrumentation R&D. It references NASA, NOA-1, the ISO
metrology, and nuclear industry standards but simplifies and adapts them to enhance their pertinence to
the INL sensor system development process. The guidelines are primarily aimed at providing procedures
for producing designs and performance data for fuels and materials, thereby supporting their licensing by
NRC. The guidelines are general, yet broad enough to be adapted for any sensor system being developed
in INL’s Measurement Science Department. They provide a solid basis for characterizing and
categorizing sensor systems developed and tested by INL. The guideline document also aligns with
current INL engineering and testing procedures, and with established INL work controls and processes.

”»

Document ID: GDE-947
Revision ID: 0
Effective Date: 09/30/2020

GUIDE

Guidelines for
Developing and
Qualifying
Instrumentation Systems
at Idaho National
Laboratory

Responsible Engineers
Y. Dayal and C. Jensen

\\) Il INL is a U.S. Department of Energy National Laboratory

. operated by Battelle Energy Alliance, LLC
Idaho National
Laboratory

Figure 1. Cover page for INL guide document GDE-947.
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1.2 Method for Testing Instrumentation Concurrently to Ongoing
Operations in the TREAT Facility

Irradiation testing of in-pile instrumentation in the Transient Reactor Test (TREAT) facility is a
unique and crucial component of sensor qualification for experiment deployments. The included
instrument technologies are of strategic importance for achieving near- and long-term, cross-cutting
experiment objectives. The primary purpose of isolated sensor testing in the TREAT facility is to evaluate
the impacts of the irradiation environment to in-pile sensors and to demonstrate sensor integration within
the TREAT facility (e.g. cable routing, data acquisition, etc.). These evaluations and demonstrations of
sensor performance within a nuclear facility are important components towards sensor qualification for
expanded applications. The overall strategy of sensor deployments covered in this document is for
concurrent installation and measurements performed as independent accompaniment of other planned
experiments and operations at the TREAT facility, also termed “concurrent testing.” The unique strategy
has been developed over the past 2.5 years as an exemplary cooperation between instrument engineers
and engineers at the TREAT facility. The approach has proven very successful in terms of R&D output
and overall efficiency that has accelerated the in-situ instrumentation prowess at the TREAT facility —
manifest in dozens of experiments over a short period of time. The scope of this section is to provide
guidelines and address the documentation requirements for sensor deployment within TREAT as a
component of concurrent testing. Appendix A presents a detailed overview of the concurrent testing
process and the following sections describes some key features in more detail. Appendix B provides a
pictorial representation of the relevant hardware and TREAT Facility layout.

1.21 Deployment Guidelines

The design and placement of the sensors in concurrent testing enables adjoined deployment in the
reactor accompanying unrelated reactor activities with negligible effect on reactor operation and
experiment objectives. In this mode, the concurrently tested instruments are basically “along for the ride,”
without having input on a given prescribed reactor transient design. The concurrent testing plans are
subject to potential concerns of operations, reactor engineering, programmatic interests, and, of course,
must show compliance with the TREAT facility Safety Analysis Report. Thus, implications pertaining to
all of these must be considered carefully and, to date, has been shown to be very successful due to
excellent cooperation and coordination between all of these interests. Sensors deployed for concurrent
testing occupy cooling channels between fuel assemblies. Specific TREAT monitor wires/sensor holders
were designed and are used to enable insertion and removal of sensors from TREAT air cooling channels
by suspending sensors inside the 0.65” square gap between fuel assemblies as shown in Figure 2.
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SCALE: 1/2
REFERENCE ONLY
-2 ISOMETRIC

REFERENCE ONLY

(b) (©

Figure 2. Drawing of (a) flux/fission wire holder, (b) sensor holder, and (c) Top-down view of fuel assemblies and
cooling channel.

These instrument inserts benefit from the open core access (no coolant, no pressure vessel) of the
TREAT facility and relatively short lead wire runs, and, a major enabling capability, a flexibly accessible
“Experimenter’s Room” for data acquisition systems. Cabling from sensors in the cooling channels are
routed through a hole in the removable shield block above the core center to reactor top corner (Figure 3
segment number 2) for connection to supplemental electronics such as preamplifiers if needed. Additional
cablings further route the signal to data acquisition systems (DAS) in the adjacent Experimenter’s room
outside of the radiological buffer area. The experimenter’s room contains standard 120VAC power plugs.
A closed network is available for accessing experimental DAS from the control room in a separate
building. Additionally, a 5V trigger is supplied to the experimenter’s room for time synchronizing with
the reactor data during transients.
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TREAT Cutaway View TREAT Plan View

5 Permanent DAS
&Y Interface to 1&C room

Developmental
DAS {outside RBA)

"~ Developmental
Number Segment Length (m DAS (outside RBA)
1 | 15
2 | 10

3 | M

Figure 3. Cutaway and plan view of TREAT reactor and floor plan describing cable routing from core to data
acquisition system outside of the radiological buffer area (RBA) (Figure taken from °).

1.2.2 Requirements and Documentation

Concurrent testing of sensors and the use of dosimetry falls under the requirements listed by the INL
procedure:  SP-50.3.4.3—TREAT EXPERIMENT RELATED HARDWARE EVALUATION
REQUIREMENTS. The purpose the document are as follows:

“This procedure establishes the process for evaluating hazards associated with
experiment related activities that do not meet the definition of EXPERIMENT from TS-
420 and, therefore, do not require an Experiment Safety Analysis (ESA)(see def.) at the
Transient Reactor Test (TREAT) Facility. These activities may include flux
measurements with or without a calibration vehicle, instrument testing and qualification,
and hardware reactivity worth determinations. Completion of the evaluation and
authorization to perform the activity will be documented in the Operations Test Plan
(OTP).”

In compliance with the requirements listed in the procedure, additional analysis such as neutronic and
thermal analysis are performed. A more detailed overview of this process and all resulting documents that
enable concurrent testing is given in the attached presentation in Appendix A.

1.2.3 Concurrent Testing to Date

The concurrent testing approach was drafted during the TREAT restart project and began in the 1%
transient executed to support external experimenters in April 2018. Since then, concurrent instruments
have participated in nearly every transient. Under the concurrent testing strategy, a total of 14 different
sensor types have been irradiated with some sensors experiencing up to 110 transients of wide ranging
power profiles and magnitudes. An example of the concurrent testing layout during an experiment
campaign is shown in Figure 4.

¢ Jensen, C., et al., “FY19 Report for Instrumentation Development for the Transient Testing Program,” INL/EXT-19-56000,
September 2019.



INL/EXT-20-59951 Rev. 0

A B CDEFGHJ KLMNOWPRSTWU

1 0.75|0.74 | 0.73 | 0.72 | 0.70 | 0.68 | 0.68 0.68|0.68|0.69(0.70| 0.71| 0.72 | 0.74
2 0.79|0.77| 076 [ 0.74 [ 0.71| 0.67 | 0.65 | 0.69 069|064 |0.67|0.71|0.74| 0.76 | 0.77 | 0.80
3 |084|082|0.84|0.83|079|072( 068053074 074 053] 0.68| 0.72| 0.79| 0.84 | 0.85 | 0.85 | 0.87
4 0.89|0.90| 0.93|0.94|0.87 | 0.63 Gd_SPND 2 LVDT/UT i —
5 0.96]0.99|1.04|1.07|1.05|1.01| T ol = 1.0/TTOSTTOZ A‘ .0l Impedance
6 105|108 115 118 \ 1.27|1.27 | 1. 1| 1.3 sensor
7 [112]116] 124 127 128 127 _—
8 [118)123]098 133 a
Pyrometer
9 1.22|1.27|1.38 133 Optic Fiber
10| 124|129 131 1321
11 132l32¢
12 115 N DTS Opth
13| 116 1.19) 127|135 133 130/ 1. Fiber
14 [110[112|119 092 128]130| 1.30| 129 124 130]131[131 ‘4 121]114] 122
15|103|1.04|1.08(1.11|109|1.05|1.09 1.10| 1.07 MPFD 6 | 1.05
16 0.95|0.95| 0.98|0.98| 0.91]|0.66 | 0.85| 0.90 | 0.96 0.96 | 0.90 | 0.86 | 0.67 | 032 I.00| 1.00 | 0.97 | 0.98
17 0.90|0.87|0.88|0.88|0.83)|0.76| 0.74 | 0.58 | 0.83 0.83/0.59|0.75|0.78 | 0.85 | 0.90 | 0.91 | 0.90 | 0.92
18 0.83[0381[080[079[077|074| 073 0.81 081074 0.76| 0.79| 0.82| 0.84 | 0.84 | 0.86
19 078077078079 079 0.81| 0.84 085082081 082|082|0.82|0.83

Figure 4. Example of concurrent testing sensors and locations overlay with TREAT core map with relative peak-to-
average flux ratios.

1.3 Summary and Conclusions

Concurrent testing has proven to be an invaluable tool supporting TREAT experiment outcomes but
also the development and qualification of in-pile instruments for wide ranging applications. A process has
been developed and implemented that facilitates efficient instrument deployments with near continuous
opportunity for in-pile testing. Appendix A provides more a detailed overview of the current concurrent
testing process that will support facility, experimenter, instrument developer, and advanced reactor
instrumentation needs.
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Appendix A — Overview Slides of Approach to Testing Instrumentation
Concurrently with Experiments in the TREAT Facility

Kevin Tsai -
Measurement Science
Idaho Nationalkabe

Concurrent Testing

ocumentation

m_ Idaho Nafional Laboratory

Bl Outline

* Introduction
- Data Package (DP)
« Concurrent Testing Overview
* Additional Documents
-ECAR
-TEV
-FRM-1738
- Travelers
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! Introduction

+ Data packages used for TREAT Experiments
- Phase 1: Conceptual Design
- Phase 2: Preliminary Design
- Phase 3: Final Design
+ Special Requirements
- Handling
- Radiography
- Shipping, Storage, and Disposition
+ Experiment Checks After Installation
+ Experiment Operation
- Core Loading
Steady State Conditions
- Hodoscope operating parameters
- Transient operating parameters
- Conditions for performing Irradiation
TREAT data requirements

IDAHO NATIONAL LABORATORY

Bl Concurrent Testing Overview

+ Data packages used for TREAT Experiments
- Phase 1: Conceptual Design (Purpose and Objectives) —ct
- Phase 2: Preliminary Design
- Phase 3: Final Design

+ Special Requirements TREAT Advanced
_ . Instrumentation
Concurrent Han.d“ng Deployment Data
: - Radiography Package
Testing

- Shipping, Storage, and Disposition
+ Experiment Checks After Installation
+ Experiment Operation

- Core Loading

- Steady State Conditions q-"L T T———
. Ioho Noriorel

- Hodoscope operating parameters \aReestry

- Transient operating parameters
- Conditions for performing Irradiation Concurrent Testing Dafa
- TREAT data requirements Package
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Concurrent Testing Overview:
Purpose and Objective

+ Irradiation testing to qualify sensors for experiment deployments
- Identify impacts of radiation environment to sensors
- Demonstrate sensor integration
+ Support ongoing physics testing and characterizing reactor performance
« “Concurrent” to other ongoing experiments
- Accompanying other reactor activities
« “Other" activities specify the transients
« Concurrent testing does not specify transients
- Negligible effect on reactor operation and experiment objectives

* Ak,s7(%) < 0.05 for all changes in core loading including the
experiment

L PURPOSE AND OBJECTIVES
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DP-165 Purpose
and Objective Section

IDAHO NATIONAL LABORATORY

Concurrent Testing Overview:
Shipping, Storage, and Disposition

+ All sensors must have a disposition plan following irradiation
- Disposal via WGS or transfer to another facility

« Requires an estimation of source terms

+ Source terms estimated from neutronic analysis

+ Generally captured in an ECAR
- ECAR-4098 “TREAT Monitor Wire Holder Physics Analysis”
- ECAR-4693 “TREAT Legacy Fission Wire Physics Analysis”

- ECAR-5015 “TREAT Physics Analysis Results for the Ultrasonic
Thermometer Calorimeter”

11
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DP-165 Analysis and
Post-Irradiation Section
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Concurrent Testing Overview:
Core Loading

+ Designate desired sensor location
related to experiment irradiations

- MARCH-SERTTA
- CHF-B/C
- SIRIUS-2

« Possible sensor locations:

- Cooling channel numbers
« A-1-1
« Experiment series

-~ MIMIC-N positions
» Experiment position
» Athrough L
+ Trial transients only

+ Help generate travelers (FRM-2568) Appendix A position naming Appendix A Sensor Locati
for sensor insertion/removal description

IDAHO NATIONAL LABORATORY
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Concurrent Testing Overview: o —
Core Loading T

Ohncrigrioe of Lo dn e d Semmars

Codobininn Subs Procrné Nentren vt 528 SPND)

* Includes sensor geometry and material mass required for modeling -
- Overview sketch —-
- Holder description -
- Geometry
= Maximum In-Core Mass/Sensor

» Allows TREAT Reactor Engineer analyze for experimental ECAR

and to generate a core configuration form (FRM-1738) Ot e s
« Works with previously mentioned ECARs to generate source terms T e
and peak in-core temperature PN
Appendix B Sensor Description
Example

IDAHO NATIONAL LABORATORY
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! Additional Documents

« Engineering Calculation and Analysis (ECAR)
Model core loading and calculate Ak,sr(%) between

a NED core and an experimental core.
- Can include source terms and heating rates

+ Technical Evaluation (TEV)
An extension of ECAR
- Thermal analysis for safety

« Travelers (FRM-2568)
- Used by Operations

Designate core loading of sensors and associated
approvals

+ Safety Engineer —
+ Reactor Engineer —
« Sponsor
+ SS/SRO

IDAHO NATIONAL LABORATORY

! Additional Documents

Data Package (DP)
Sensor description and location

Engineering Calculations ‘
and Analysis (ECAR) . . Travelers
Neutronic Analysis Technical Evaluation (TEV) Sensor description

Thermal Analysis (optional) Thermal Analysis and approval

Source terms (optional) |

Experiment Data Package
& FRM-1738 Dﬁ
Transient Prescription

Core loading
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Appendix B — Pictorial Overview Concurrent Testing Hardware and
Layout in the TREAT Facility

Kevin Tsai

Measurement Science Dept.

Idaho National Laboratory

urrent Testing
Logistics

H"I_ , [daho National Laboratory

B Layout Overview

* Overview of sensor deployment for concurrent testing in the TREAT Facility
- Following slides per segment # shown in figure below.

TREAT Cutaway View TREAT Plan View

Developmental
DAéoutside RBA)

Core/Experim bl

Developmental
Number | Segment Length (m) DAS (outside RBA)
1 15

|
2 | 10
|

3 1
IDAHO NATIONAL LABORATORY
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Bl Segment 1—TREAT hardware (Sensor Holders)

» Used to suspend sensors in TREAT cooling channels.

! d —— \

Ultrasonic Thermometer w/ Insertion of sensors into TREAT TREAT assembly top/down
TREAT hardware cooling channels view w/ sensors inserted

IDAHO NATIONAL LABORATORY

Bl Segment 2—Cable Route to Reactor Top

+ Cables routed to reactor top for connection with Permanent DAS or preamplifiers

= PermanentlDA,,s%_
& interface to I&C.
r ’A\

eamplifier. ™=

Cable route to EIP with shield Cable Route to EIP with shield
blocks off blocks on

IDAHO NATIONAL LABORATORY
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Bl Segment 3—Cable Route to Experimenter’s Room

+ Cable route to the Experimenter's Room

Top view of cable route to Side view of cable route to
Experimenter’s Room Experimenter’s Room

IDAHO NATIONAL LABORATORY

Bl Experimenter’s Room & Control Room

+ Cable route to the Experimenter’'s Room

| Oper*tor
Area |

| "

Experimenter/ ‘
~ Observer ’,

Area

Experimenter’s room with Control room

Developmental DAS
IDAHO NATIONAL LABORATORY
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